We present a new concept for spatial scanning hyperspectral imaging. Spatial scanning is one of the main methods used for hyperspectral data acquisition and can provide high spectral resolution over a wide spectral range. However, conventional techniques, such as the whiskbroom and the pushbroom techniques, suffer from the need for relative motion between the target and the imaging system, which increases the complexity on the hardware side and limits the application possibilities. Our new approach combines a rotating slit and a co-rotating Dove prism. The rotating slit scans the target image by selecting one line from the image at each angular position of the slit. The rotating Dove prism is used to synchronously re-align the transmitted light from the selected image line with respect to the transmission grating to allow the projection of the diffracted light over the same range of pixel columns of the image sensor to facilitate data acquisition and extraction of spectral information. The new approach enables the spatial scanning of the target image without the need for relative linear motion or the use of additional external equipment and therefore opens the door for more application scenarios.
of 2D images of the target, each at a different wavelength. By stacking the images together, the hyperspectral cube can be constructed [12] .
Spatio-spectral scanning: while spatial scanning and spectral scanning techniques are based on slicing the hyperspectral datacube along orthogonal dimensions, the spatio-spectral scanning technique is based on acquiring diagonal slices of the hyperspectral cube, where each slice contains a 2D spatial image of the target that is wavelength-encoded. This is achieved by moving a camera transverse to the slit of a basic slit-spectroscope [13] .
Time scanning: a superposition of the spatial and the spectral data is recorded by acquiring a set of images over time. The spectral information can then be extracted by using mathematical transformations. For example, an interferometer can be used to record an interferogram of the target. Using Fourier transformation, the spectral information can be extracted from the recorded data [14] .
Snapshot: enables acquiring the entire datacube, with all spatial and spectral information at once. One example is based on image duplication and tiled bandpass filters [15] . The target image is duplicated using a lens array. Each duplicate image is projected at the image sensor through one of the filter tiles, which are arranged in a two-dimensional matrix. By combining the resulting set of images, where each image corresponds to a different spectral band, the datacube can be constructed.
In contrast to the other methods, spatial scanning offers the possibility to acquire data with high spectral resolution over a wide spectral range. This is more challenging with spectral scanning and time scanning methods due to the demanding hardware requirements, such as having a tunable filter with high tuning precision over a wide tuning range, or acquiring interferograms over a large range of optical path differences. In snapshot methods, both spectral and spatial resolution are sacrificed for the sake of high-speed acquisition without scanning. The spatio-spectral technique requires a more complex hardware setup to enable transverse motion of the camera at a non-zero distance behind the slit-spectroscope.
However, one major limitation of the spatial scanning techniques is the need for relative motion between the imaging system and the target. The dependency on this relative motion for data acquisition goes back to the origins of the spectral imaging technology, which was developed by NASA in the 1980's for remote sensing applications [16] . Spaceborne and airborne spectral imaging systems were developed to scan the surface of the earth. The dependency on the relative motion continued when the technology was introduced in ground-based systems. Conveyor belts and motorised stages were used to introduce the relative motion between the target and the imaging system [17] . The dependency on relative motion adds more complexity to the equipment requirements. In many cases, the relative motion is not feasible or not practical, such as endoscopy and guided surgery in the medical field. In an attempt to mitigate the need for motorized scanning stages, Yoon et al. proposed a hyperspectral endoscopy system, where the spatial scanning can be done by the freehand movement [18] . However, this does not remove the need for the relative motion and requires additional equipment for the co-registration of the wide-field image and also requires additional data processing time to remove the artefacts resulting from the freehand motion. Other examples for applications where the relative motion is problematic include environmental monitoring to detect the spread of toxic and flammable gases and liquids in air and water, and geological exploration to detect raw materials and mineral resources on site.
A number of schemes to overcome the need for relative motion were reported over the past years. Different techniques were developed, based on the pushbroom approach, to enable spatial scanning without moving the system nor the target. The common key concept behind these techniques is to scan a projected image of the target, rather than scanning the target itself directly. One technique uses a planar mirror, fixed on a high-resolution stepper motor, to reflect the target image and scan it across an imaging spectrograph [19] . Other techniques scan the image of the target at the focal plane of the front optics across the entrance slit of the spectrograph. This is done by using linear actuators to scan the front optics and the spectrograph across each other [20, 21] . While the previous techniques overcome the need for relative motion between the target and the imaging system, they still achieve this by using additional external hardware to achieve the spatial scanning.
In recent years, a new paradigm is emerging, where systems are designed and developed to perform the spatial scanning of the target image internally. One technique uses a digital micromirror device to scan the target image by actuating one row of micromirrors at a time to reflect the light from one line of the image to the image sensor through a transmission grating [22] . However, switching from one row of micromirrors to the next results in a change in the incidence angle of the reflected light with respect to the grating. This leads to a change in the position of the resulting spectrum on the image sensor, which can affect the spectral calibration of the system.
In another technique, known as the "Snapscan", an internal piezoelectric stage is used to displace the CMOS image sensor in order to scan the image circle projected by the lens. Thin-film Fabry-Perot optical bandpass filters are monolithically integrated on top of the CMOS image sensor, where each line of pixels is assigned to a different wavelength. During the line-scanning motion of the CMOS sensor, the spectral data is sequentially recorded for each spatial position of the image [23] . However, the transmittance peak of the thin-film Fabry-Perot filters is angle-dependent, which causes shifts in the acquired spectra, and therefore limits the spectral resolution of this technique.
In our previous work [24, 25] , we demonstrated a pushbroom system based on an internal scanning slit and a rotating camera mechanism. This combination enabled spatial scanning without relative motion and without compromising the spectral calibration nor the imaging resolution of the system. However, this was achieved with an increased level of system complexity, which required the development of a feed-forward compensation function to synchronize the scanning motion of the slit and the rotation motion of the camera.
In this paper, we present a novel concept for a spatial scanning system that overcomes many of the prior disadvantages. We demonstrate, for the first time, a hyperspectral imaging system based on a rotating slit together with a rotating Dove prism. The rotating slit enables the spatial scanning of the target image internally without the need for relative motion and without additional external hardware. The rotating Dove prism, also called a "derotator" ensures that the light is transmitted to the diffraction grating without change in incidence angle, and therefore simplifies the data acquisition procedure. The aim of this work is to provide a simpler hardware configuration for a spatial scanning hyperspectral imaging system to open the door for more applications in the future. The system concept is explained in more detail in section 2. A comprehensive description of the experimental setup is provided in section 3. In section 4, experiments and results demonstrating the slit and the Dove prism rotation are presented, and a validation experiment is conducted where the system is used to acquire and differentiate between spectra of different plant leaves.
System concept
We propose a new concept for a spatial scanning hyperspectral imaging system, illustrated in Fig. 1 , which combines a rotating slit with a rotating Dove prism to enable the spatial scanning of the target image internally without the need for additional external hardware. The front optics produces an intermediate image of the target at the focal plane. The rotating slit is positioned to select one line of the intermediate image. The light from the image line is collimated and transmitted through the Dove prism to the diffraction grating. The grating produces a spectrum for every point on the line, which is recorded by the image sensor. The recorded spectra represent one plane of the 3D hyperspectral datacube. In order to acquire the entire datacube, the slit is rotated to scan the target image one line at a time.
When the rotation angle of the slit and the Dove prism is zero, with respect to the vertical y-axis, the slit aperture and the selected image line are aligned with the grating. Accordingly the diffracted light for each point on the line is projected over the same range of pixel columns of the image sensor, which allows the extraction of a spectrum for every point. However, when the slit is rotated to scan the target image, the selected image line will have an angle θ with respect to the grating. This means that for every point on the image line, there will be a different transmission point on the grating along the x-axis. Accordingly, the diffracted light for every point on the image line will be projected over a different range of pixel columns of the image sensor. This does not allow the extraction of the spectral information from the recorded signal due to the overlap between the different spectral bands within the pixel columns of the image sensor. This is demonstrated experimentally in Fig DP(α) is a linear optical element that contains a reflection symmetry plane positioned at angle α, and optically inverts a traversing image I about this plane, through total internal reflection. For a rotating image I(θ) incident on the Dove prism, if the reflection plane is rotated at half the rate of the image, the image is always reflected back to the same reference position θ ref ,
Thus, when the Dove prism is rotated with half the rotation angle of the slit, the image line is rotated back and transmitted from the Dove prism with a vertical upright orientation aligned with the diffraction grating, as illustrated in Fig. 1 . Therefore, for each slit position, the Dove prism can be used to rotate the selected image line back to a vertical upright position aligned with the grating to avoid the overlap of the spectral bands when the diffracted light is projected over the image sensor. This means that by using the combination of the rotating slit and the Dove prism, the target image can be spatially scanned through the slit rotation, while the Dove prism is used to cancel the rotation effect to facilitate the data acquisition and extraction of spectral information.
Experimental setup
In order to demonstrate the system concept, the experimental setup, shown in Fig. 2(a) , is constructed. The front optics consists of a wide angle machine vision lens (3.5 The image line from the slit is collimated and magnified using a microscope objective (GF Planachromat 12.5x/0.25, Zeiss Jena, Germany). The collimated light beams then enter the Dove prism (Thorlabs No. PS992M-A) [26] , which is also fixed to a 360 • rotating mount. This allows rotating the Dove prism by half the angle of the slit rotation during data acquisition in order to bring the image line back to a vertical upright orientation before the light is transmitted to the diffraction grating. The grating (300 lines/mm -Thorlabs No. GT13-03) diffracts the incoming light and produces a spectrum for every point on the image line. A monochrome CCD camera (DMK 23U274, The Imaging Source, Germany) with an imaging lens (Xenoplan 2.8/50-0902, Schneider Kreuznach, Germany) is positioned at an angle corresponding to the first diffraction order to record the spectra for the selected image line.
In order to test the system concept, the imaging targets shown in Figs. 2(b) and 2(c) are used. The two images were acquired by adjusting the setup for spatial 2D imaging by removing the slit and the grating and aligning the CCD camera along the optical axis of the system, where an identical color camera (DFK 23U274, The Imaging Source, Germany) is used in place of the monochrome camera for better visibility of the targets. In Fig. 2(b) , three lasers are mounted above each other and positioned with an offset to the optical axis of the setup. This arrangement allows selecting only one laser at a time to be viewed when using the rotating slit to scan through the field of view. Therefore, this target is used to simultaneously demonstrate the effect of the slit and the Dove prism rotation in the spatial imaging mode. Figure 2 (c) shows the imaging target used to demonstrate the effect of the slit and Dove prism rotation in the spectral imaging mode. Five angular positions are highlighted, which are 0 • , 30 • , 45 • , 60 • , and 90 • . Each angular position is marked with a number of black stripes to facilitate its recognition when selected by the rotating slit in the spectral imaging mode.
Results & discussion
The experimental work was divided into three parts to show how the system works in the spatial and spectral imaging modes, and to provide validation of the system. The obtained results are explained and discussed in the following sub-sections.
Spatial imaging mode
The aim of these experiments is to show how the rotating slit can be used to scan the field of view and select different points in the target image, and how the Dove prism can be used to bring the selected image line to a vertical upright orientation.
First, the slit was rotated with different angles to select each laser of the imaging target in Fig.  2(b) , while keeping the Dove prism fixed without rotation. This is shown in Figs. 3(a)-3(c), where the red laser was selected with a slit rotation angle of 30 • , the green laser was selected when the slit was in a horizontal orientation corresponding to a rotation angle of 90 • , and the blue laser was selected with a slit rotation angle of 150 • . After that, the Dove prism was rotated with half the slit angle for each slit position to bring the selected image line to a vertical upright orientation, as shown in Figs. 3(d) -3(f). Such orientation is specifically important to facilitate spectral imaging as explained in the following sub-section.
Using the rotating slit to scan the field of view means that the spatial sampling will be a function of the radius along the slit from the center of the image. For each spatial point located at (x, y) from the center, the number of sampling times N (x,y) during a complete scan of the slit (rotation of 180 • ) will be inversely proportional to the radius r (x,y) and will range between N (x,y) = 1 for points at the perimeter of the slit rotation (r (x,y) = 1 2 × slit length) and N (x,y) = M for the center point, where M is the number of angular slit positions required for a complete scan, assuming no overlap between slit positions. The spatial resolution, therefore, will depend on the reconstruction of the scanned image from the individual images of all slit positions. This is demonstrated in Fig. 4 , where the 1951 USAF resolution test chart is used to demonstrate the spatial resolution of the system and to show the effect of the slit rotation and image reconstruction on the spatial sampling and the spatial resolution.
The slit used in these experiments has a width of 20 µm and a length of 3 mm (Thorlabs No. S20R). This means that the number of angular slit positions required to scan a complete image of Fig. 4(a) is magnified in Fig. 4 (b) and shows group 1 of the test chart where the lines of element 6 can still be distinguished. This indicates a spatial resolution of 140.31 µm. Figure 4 (c) is a magnification of the green rectangle in the upper left corner of Fig. 4(a) and shows element 2 in group -2 of the test chart without any signs of slit scanning nor image reconstruction. In order to acquire the images in Figs. 4(d) -4(f), the slit was inserted into the system. The manual re-arrangement of the setup to insert the slit caused the slight translation in position of the test chart image in Fig. 4(d) compared to Fig. 4(a) . However, this slight translation does not affect the information obtained from the figures. Due to the large number of slit positions (≈236) and the small step angle (≈0.76 • ) required for a full scan of the image, which are difficult to control by manual adjustment, the rotational slit mount (Thorlabs No. CRM1P/M)) was replaced with a rotational stepper motor (Thorlabs No. K10CR1) with a step angle resolution of 0.0073 • . Due to a slight offset of the slit aperture from the rotation axis of the slit component with approximately 80 µm, the scanning is done by rotating the slit over 360 • rather that 180 • in order to minimize the area of the image which cannot be accessed by the slit rotation to the circular spot indicated by the red arrow in the reconstructed image in Fig. 4(d) . This, however, demonstrates the importance of the rotational symmetry and the high precision alignment of the system components for this technique. With 360 • slit rotation (a) and with a step angle of 0.76 • , 474 slit images were acquired for the reconstruction of the test chart image in Fig. 4(d) . The image reconstruction was done using MATLAB by combining the acquired images in a 3D matrix and then selecting the highest intensity from the scanned images for each pixel in the lateral image. The red rectangle in the reconstructed image is magnified in Fig. 4 (e) and shows group 1 of the test chart. Comparison between Figs. 4(b) and 4(e) shows a deterioration of spatial resolution after image reconstruction from 140.31 µm (element 6) to 250 µm (element 1). Figure 4 
Spectral imaging mode
For these experiments, the setup was re-arranged by inserting the diffraction grating into the optical path, and positioning the CCD camera with an angle corresponding to the first diffraction order. The color camera was used for better demonstration of the results. The imaging target in Fig. 2(c) was used and was illuminated by the three lasers in Fig. 2(b) , in addition to a broadband light source (Thorlabs No. QTH10/M) projected through a horizontal rectangular aperture. A diffuser glass plate was used to help spread the light over the target. The resulting image, shown in Fig. 5 , displayed blue, green, and red lines, in addition to a broad spectrum corresponding to the diffraction of the light transmitted from the three lasers and the broadband source. First, the slit was rotated to different angles corresponding to those highlighted on the imaging target, while fixing the Dove prism without any rotation. The result is shown in the left column of Fig. 5 , where the spectral lines of the three lasers are seen to rotate as a result of the slit rotation. The rotation represents a problem for spectral imaging and for the extraction of the spectral information. This is due to the fact that, with the rotation, each pixel column of the CCD detector is recording data from different spectral bands. For example, a pixel column around the center in Figs. 5(a) -5(c) shows signals recorded from the blue, the green, and the red spectral bands, with their geometrical separation a function of the angle of rotation. In Fig. 5(d) , all spectral bands overlap with each other as the band separation reduces to zero. This does not allow establishing the spectral calibration for the system where each pixel column is assigned to a unique spectral band, allowing the extraction of spectral information for each point on the image line.
In order to solve this problem, the Dove prism is used to bring the image line back to a vertical upright orientation before the light is transmitted to the diffraction grating. By rotating the Dove prism with half the slit angle for each slit position, the vertical orientation of the spectral lines of the three lasers can be maintained, as can be seen in the right column of Fig. 5 . The black stripes crossing the spectral lines are used to recognize the rotation angle of the slit based on the imaging target in Fig. 2(c) . In Fig. 5(h) , with a slit angle of 90 • and a Dove prism angle of 45 • , the rectangular aperture of the broadband source is now projected to the grating in a vertical upright orientation, resulting in the broadband spectrum covering a larger area of the sensor. Maintaining the vertical orientation of the spectral bands facilitates establishing the spectral calibration of the system by assigning each pixel column to a unique spectral band within the spectral range of the system, which is limited between 400 nm and 750 nm in our setup. This can be done by using the wavelengths of the three lasers as a calibration reference, and by using the distances between the three spectral lines to interpolate the wavelength to be assigned for each pixel column. After establishing the spectral calibration, the system can be used for spectral imaging and for extracting the spectral information of the target. Figure 6 demonstrates the spectral resolution of the system using the spectral lines of an Hg(Ar) spectral calibration lamp (product no. 6035, Newport, US). The spectrum of the Hg(Ar) lamp shows two contiguous lines in the yellow range with wavelengths of 576.96 nm and 579.06 nm. The two lines are magnified in the inset, which shows that the two lines can be distinguished, although being partially overlapped. This demonstrates that a spectral resolution close to 2 nm can be achieved with the presented system. 
System validation
The aim of this experiment is to provide validation for the system concept combining the rotating slit and the rotating Dove prism. This is achieved by using the system to acquire and extract spectral information from an imaging target, which is shown in Fig. 7 . Eight disk samples taken from real and artificial plant leaves are fixed to the target plane and arranged in a circular array. Pairs of samples are fixed along the same angular line, so that two samples can be viewed at a time when the slit is rotated to the corresponding angle. The target is illuminated with two Quartz Tungsten-Halogen lamps (Thorlabs No. QTH10/M) with broadband emission, and using two diffuser plates to distribute the light over the samples.
Starting with leaf samples 1 & 2, the slit and the Dove prism are kept in the vertical upright position without any rotation to allow the light to transmit directly to the diffraction grating. The diffraction image carrying the spectral information for the two leaves is recorded by the CCD camera, where the monochrome camera is used to record the light intensity in each spectral band without any filters. For the rest of the leaves, the slit is rotated with the designated angle for each pair of leaves, the Dove prism is rotated with half the slit angle, and the diffraction image for the two leaves is recorded by the camera. The rotation of the slit and the Dove prism was done manually using two identical rotational mounts (Thorlabs No. CRM1P/M). In the next step, the spectral information for each leaf is extracted using MATLAB. This is done by plotting the light intensity recorded in each spectral band over the spectral range of the system, where the intensity was normalized with respect to a spectrum obtained from imaging a white reference. The acquired spectra for the eight leaf samples are shown in Fig. 8 . By comparing the spectra in the figure, the real and artificial leaves can be readily distinguished.
The spectra of leaves 2, 3, 5, and 6 are similar to each other, and also similar to the spectrum of Chlorophyll, which is a dye found in green plant leaves [27, 28] . This experiment provides validation for the system concept, and demonstrates how the system can be used in applications such as material sorting or target detection.
Conclusions
In this paper, we presented a new concept for spatial scanning hyperspectral imaging, which combines a rotating slit with a rotating Dove prism. We demonstrated how the rotating slit can be used to select one line of the target image at each angular position, and how the Dove prism, when rotated with half the rotation angle of the slit, can be used to cancel the rotation effect and project the selected image line in a vertical upright orientation, which is aligned with the grating. This prevents the pixel columns of the image sensor from recording signals from different spectral bands, which allows maintaining the spectral calibration of the system and facilitates the extraction of spectral information. We demonstrated a spatial resolution of 140.31 µm in the spatial mode and a spectral resolution close to 2 nm in the spectral mode, which is sufficient for a broad range of applications. A proof-of-concept was provided, which showed how the system can be used for material sorting.
By introducing this new concept, we add to the set of techniques developed for spatial scanning hyperspectral imaging. The new technique offers the further advantage of performing the spatial scanning internally without the need for relative motion between the entire imaging system and the target, which would otherwise require additional external hardware in conventional systems. This advantage opens the door for more applications for spatial scanning hyperspectral imaging, where the relative motion is either not feasible or not practical. Such applications include, for example, endoscopy and guided surgery in the medical field, monitoring the spread of air and water pollutants in the environmental field, and identifying raw materials and mineral resources on site in the geological field.
Using the slit rotation for scanning leads to spatial sampling being a function of the radius from the center of the image, with the number of sampling times for each point being inversely proportional to its distance from the center, due to the overlap between adjacent slit positions. In addition, scanning a full image requires rotating the slit over a large number of angular positions with a small step angle for each position (≈236 positions with ≈0.76 • for 180 • rotation of a slit with 20 µm width and 3 mm length). This demands high precision in rotational symmetry and alignment of the systems components, using high precision actuators to synchronize the angular positions of the slit and the Dove prism, and careful selection of the sampling routine and image reconstruction algorithm.
In our experiments, a slight offset of the slit aperture from the rotational axis of the slit component led to loss of information from a circular part around the center which could not be accessed by the rotation of the slit. Using manual actuators to synchronize the rotation of the slit and the Dove prism led to a long measurement time for a small number of data acquisition points, in the order of 4 − 5 minutes for the 4 slit positions in the validation experiment. This can be significantly improved using automated rotational motors, such as (Thorlabs K10CR1) with an angular speed of 10 • /s, where it would be feasible to scan 236 slit positions in less than 30 seconds, with 30 ms of exposure time for each position. For image reconstruction, we used a simple algorithm based on selecting the maximum intensity for each pixel from the scanned slit images. The reconstructed image showed reduced spatial resolution of 250 µm in addition to slight artefacts from slit rotation and image reconstruction towards the peripheries of the image. This can be improved using a more sophisticated sampling and reconstruction algorithm that allows more overlap between slit positions and uses averaging rather than maximum intensities to improve the signal-to-noise ratio. The spectral resolution can also be improved by using a narrower slit width or a grating with a higher diffractive power.
In our future work, we plan to further develop this system. This includes using higher precision components to ensure rotational symmetry and perfect alignment of the system components. We also plan to replace the manual rotational mounts with rotational motors and to develop a software to automate and synchronize the rotation of the slit and the Dove prism to enable the acquisition of full hyperspectral 3D data sets. We will test different sampling and image reconstruction algorithms to improve the quality of the reconstructed image. Finally, we will investigate the potential of miniaturizing the system components, and will explore potential applications for which this concept would be most suited.
